The synthesis of 3-(-)-and 3-(+)-menthyl carboxylate pyrrole was achieved in four high yielding steps, including the triisopropylsilyl (TIPS) protection of the pyrrole nitrogen, bromination of the 3-position, lithium halogen exchange followed by reaction with menthyl chloroformate, and finally de-protection. Chemical polymerization of both the TIPS protected, and non-protected, menthyl carboxylate pyrroles was performed and the resulting polymers exhibited conductivity ranging from 0.6 to 2.3 S/cm. Polymerization of the 3-menthyl-N-TIPS pyrrole on the surface of wool was achieved by using solution and mist polymerization methods.
Introduction
The first chiral pyrrole based polymers were synthesized by Delabouglise and Garnier in 1990, with the attachment of amino acids to the 3-position of pyrrole [1] .
Research that followed included the synthesis of new chiral monomers with a variety of chiral substituents attached to the 3-position, or the N-position, of pyrrole [2] [3] [4] [5] [6] [7] [8] .
The majority of research into chiral conducting polymers to-date has involved the use of chiral dopants and their influence the polymer structure during the electrochemical polymerization [9] [10] [11] [12] [13] [14] [15] .
The main driving force for the synthesis of new chiral monomers is the fabrication of devices such as vapour sensors [16] [17] and further applications for chiral conductive polymers include the stereospecific recognition of optically active biological compounds.
Such chirally influenced polymers, formed with a chiral group attached directly to the monomer or by polymerization in the presence of a chiral dopant, are also known to produce helical polymer chains [18] [19] [20] [21] [22] . Such helical polymers mimic the structure of DNA and have been prepared previously using polyaniline as the conductive polymer backbone. The phosphate groups in the hydrophilic exterior of DNA interact with a charged aniline monomer and upon polymerization on the helical DNA template a chiral polyaniline coil was produced [22] .
Previous publications reporting the addition of chiral groups to the 3-position of pyrrole generally involved a lengthy series of synthetic steps, such as the synthesis of S-(-) and R-(+)-3-pyrrol ethanoic acid menthol esters ( Fig. 1 ) which was achieved by De Lacy Costello in five high yielding steps [2] . 
Experimental:

Materials and Equipment
All chemicals were purchased from Sigma-Aldrich (> 98% purity). THF was distilled from Na/benzophenone under nitrogen. DCM was distilled from CaH 2 and stored over 4Å sieves. Pet spirit refers to petroleum spirits at 40-60°C unless otherwise stated. Thin layer chromatography (TLC) was performed on Merck
Kieselgel 60 F 256 aluminium backed plates, which were developed in a chromatotank.
And visualised under a UV lamp. Column chromatography was performed using silica gel (60-270 mesh) with the ratio of silica gel (dry) to crude material (dry) approximately 40:1 (wt/wt).
Solution state NMR spectra were recorded using a Jeol JNM-GX 270.1 MHz, or a JNM-ECP 400 MHz spectrometers where indicated. Two-dimensional (2D) NMR spectra (COSY, HMQC and HMBC) were recorded on the JNM-ECP 400 MHz spectrometer. Both 1 H and 13 C spectra were referenced against tetramethylsilane (TMS) at δ 0.00 ppm. Chemical shifts (δ) are reported in ppm and coupling constants in Hertz. New compounds were characterized using elemental analysis. Optical rotations were measured using a DIP-1000 digital polarimeter in a 10 mL optical cell.
Samples were prepared at 1% concentration (wt/wt) in chloroform.
Solid pellets of polymer were formed by grinding the polymer and pressing into disks. Four probe conductivity measurements were performed on the solid disks or films. The surface resistance was measured by the 2 probe method using a Fluke 83
III multimeter with a probe distance of 10 mm.
All wool samples were 40 × 40 mm of a woven material, which were cleaned prior to use by stirring for 3 hours in water (1 L) at 60°C with decon 90 (2 mL). The pH of the solution was maintained at ~1 by addition of hydrochloric acid (HCl). The wool substrates were then washed with water, rinsed with acetonitrile and air-dried.
Synthesis of N-Triisopropylsilyl Pyrrole (4)
A solution of pyrrole (20.10 g, 0.30 mol) in dry THF (200 mL) at r.t., was stirred before potassium metal (10.14 g, 0.26 mol) was added. The reaction was heated to reflux until all the potassium had reacted. The reaction mixture was then cooled to r.t.
before more THF (200 mL) was added. To the reaction mixture triisopropylsilyl chloride (50.00 g, 0.26 mol) in THF (200 mL) was added drop wise over 30 minutes.
The reaction was left stirring for a further 12 hours, whereupon it was filtered through a sintered glass frit and the solvent removed under reduced pressure to afford a yellow oil. The product was distilled (60°C, 0.01 mmHg) to yield 47.60 g (80%) of clear colourless oil [23] .
Synthesis of 3-Bromo-N-TIPS pyrrole (5)
A solution of NBS (3.86 g, 21.7 mmol) in THF (75 mL) was added drop wise to a solution of triisopropysilyl pyrrole (4) (5.00 g, 21.7 mmol) in THF (75 mL) at -78°C
(isopropanol / liquid nitrogen bath). The temperature was maintained at -78°C for 3
hrs, before the reaction mixture was allowed to warm to r.t. and stirring was continued for a further 3 hours. The solvent was removed under reduced pressure and the crude product was purified using column chromatography (pet spirits:ethyl acetate (4:1) as eluent). Yield 4.62 g (69%) of clear colourless oil [23] .
Synthesis of N-TIPS-3-(+ or -)-menthyl carboxylate pyrrole (6 and 7)
A solution of the 3-bromo pyrrole 5 (1.65 g, 5.45 mmol) in dry THF (50 mL) was stirred at -78ºC under inert conditions. Injected into the reaction mixture was n- 
Synthesis of 3-(+ or -)-menthyl carboxylate pyrrole (1 and 2)
Solid tetrabutylammonium fluoride (3.85 g, 11.03 mmol) was added to a solution of 3-menthyl pyrrole (6 or 7) (4.47 g, 11.03 mmol) in THF (400 mL) and the reaction stirred for 15 minutes at r.t. The reaction was diluted with diethyl ether (500 mL) and transferred to a separatory funnel. The organic fraction was washed with water (3 × 250 mL), brine (3 × 100 mL) and the organic layer was separated, dried (Na 2 SO 4 ), filtered and the solvent removed under reduced pressure leaving a black oil.
Purification of the crude material using column chromatography (pet spirits:ethyl acetate (3:1) as eluent) afforded a light sensitive clear oil.
(1 
Polymerization of N-TIPS-3-(+ or -)-menthyl carboxylate pyrrole (8 and 9) and 3-(+ or -)-menthyl carboxylate pyrrole (10 and 11)
To a stirred solution of the chiral pyrrole monomer (1, 2, 6 or 7) (1.60 mmol) in chloroform (50 mL), FeCl 3 (0.259 g, 1.60 mmol) was added in one portion, and the reaction stirred for 3 hours. The solvent was removed under reduced pressure and the crude product ground into a powder then washed with copious amount of water to remove iron impurities. The polymer powder was placed under reduced pressure (0.1 mmHg) for 4 hrs before being processed into thin disks for conductivity measurements.
Solution polymerization of N-TIPS-3-(+ or -)-menthyl carboxylate pyrrole or 3-(+ or -)-menthyl carboxylate pyrrole onto woven wool
In an organic solvent (CHCl 3 , water or DCM) (350 mL), a sample of wool textile was stirred with a menthol monomer (1, 2, 6 or 7) (9.60 mmol) for 10 minutes. To this solution, FeCl 3 (1.56 g, 9.60 mmol) was added and the reaction left stirring at room temperature for 4 hours. The textile sample was dried then washed with copious amounts of warm water (to remove excess polymer and FeCl 3 ). The textile was rinsed with a dilute solution of HCl (pH~2) then washed with water, ethanol then air dried.
Finally, resistance measurements and abrasion tests were performed
Mist polymerization of N-TIPS-3-(+ or -)-menthyl carboxylate pyrrole or 3-(+ or -)-menthyl carboxylate pyrrole onto woven wool
A clean wool samples was lightly sprayed with a solution of FeCl 3 in ethanol (50 g/L), then dried rapidly with a heat gun leaving a yellow sample. The textile sample was then sprayed with a monomer (1, 2, 6 or 7) in ethanol (1:2 ratio respectively wt/wt). The textile was then slowly heated gently with a heat gun as it turned black.
When the sample was completely dried, FeCl 3 in ethanol was reapplied and the process repeated for a total of 3 times. The dried sample was washed with copious amounts of warm water until water washings were clear, the sample was then washed in HCl (aq) with the pH maintained at 2. The textile sample was again washed with water, followed by ethanol and dried. Finally, resistance measurements and abrasion tests were conducted.
Results and Discussion
Synthesis of 3-(+/-)-menthyl carboxylate pyrrole was achieved using a simple 4 step process (Scheme 1). The first two steps for the formation of 3-bromo-N-TIPS-pyrrole (5) have been previously reported [23] . The substitution reaction between the menthyl chloroformate and (5) was achieved by the addition of the menthyl chloroformate at -78ºC to a lithiated pyrrole monomer (formed by lithium halogen exchange). Purification was accomplished by column chromatography giving both 6 and 7 with high purity and yield (> 70%). Removal of the TIPS protecting group from 6 or 7 using tetrabutylammonium fluoride was a fast, high yielding (> 80%) process and purification was achieved using column chromatography. The removal of the protecting group had little effect on the chemical shifts in the 13 C NMR spectrum (Fig. 3) . The only change was the expected absence of the two carbon peaks for the isopropyl groups at δ ~12 and ~17 ppm. Solution polymerization occurred rapidly when a solution containing 1, 2, 6 or 7 was exposed to iron (III) chloride (Scheme 2), resulting in the formation of a black powder for all the chiral samples investigated. The polymerization of these monomers was carried out in various solvents (water, chloroform, THF, ethanol, dichloromethane (DCM), 1,4-dioxane etc.), which had little to no effect on the resultant polymer, except that an increase of time was required to dry the samples when water was used as the solvent.
The dried polymer powders produced from the solution polymerization of 1, 2, 6 or 7 were compressed into thin disks for conductivity measurements. The polymers 8 and 9, which still had the TIPS protecting groups attached to the N-position of pyrrole, had low conductivity, ranging between 0.6 and 0.7 S/cm. The polymers with no protecting group (10 and 11) had slightly higher conductivities ranging between 2.2 -2.3 S/cm. The polymer coatings on wool formed from the solution polymerization of 1, 2, 6 or 7 in chloroform produced an even coating. Under closer examination using SEM, bulk polymerization on the textile surface was observed (Fig. 4) , which appeared to have a "flake like" morphology with bulk polypyrrole clusters randomly scattered on the surface. Mist polymerization of pyrrole monomers onto the surface of woven wool produced homogeneous polymer coatings as described in previous publications [24] [25] . Mist polymerization of 7 on the surface of white wool fabrics produced a dark green polymer coating, whereas when the monomers 1, 2 and 6 were polymerized, they produced black textiles as shown in Fig. 5 . It was of interest that the optical rotation (+ or -) of the monomer had an effect on polymer colour when polymerized onto textiles by mist polymerization. Indeed, the polymer formed from 7 containing the (-) menthyl group and the TIPS protecting group (9) produced a dark green coating, whereas the (+) N-TIPS polymer (8) and the polymers that had the protecting group removed (10-11) produced black polymer coatings. We have no ready explanation for this phenomenon. The polymer coated textiles produced from mist polymerization appeared homogeneous to the naked eye. This even appearance was confirmed at the micrometer (μm) level when examined using SEM (Fig. 6) . The textile coatings produced by mist polymerization of the 3-menthyl pyrroles (1, 2, 6 or 7) were distributed evenly over the entire surface with minimum bulk polymerization. A closer examination (Fig. 7) revealed that individual strands of wool had been joined by the deposits of conducting polymer. The conductive textiles produced by either solution or mist polymerization methods exhibited similar trends in conductivity, with or without a protecting group.
The monomers polymerized onto the surface of textiles with the protecting group (8 and 9) had a higher surface resistance than the polymers with no protecting groups (10 and 11), as shown in Fig. 8 .
The mist polymerization method for the synthesis of conductive textiles produced coatings with lower surface resistance than those produced from the solution polymerization method. The surface resistance was lower for the polymers formed by mist polymerization, possibly due to the greater dispersion of the polymer over the surface of the substrate (Figs. 6 and 7) . The solution polymerization method produced random bulk polymer coatings that appeared to be flakes of polymer on the textile surface, as shown in Fig. 4 . This coating was non-continuous, restricting the conductivity of the polymer to shorter distances. In conclusion, the synthesis of the menthyl bases monomers was successful and high yields of the new chiral compounds 1 and 2 were obtained. Polymerization of the 3-menthyl pyrroles with or without their protecting groups produced conductive polymers. Mist polymerization on the surface of textiles produced homogeneous coatings, and these coatings were studied under SEM to verify the even dispersion of the polymer over the textiles surface.
A textile sample that was coated with the (-) chiral polymer with the protecting group (9) exhibited a dark green colour, whereas this polymer's enantiomer (8) produced a black coating (Fig. 5) . The removal of the TIPS protecting group from the chiral monomers was achieved in high yields, to produce oils (1 and 2). Mist polymerization of these monomers in the presence of textiles produced conductive textiles that were both black in colour. 
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